Inter‐ and intramolecular CF···c□o interactions on aliphatic and cyclohexane carbonyl derivatives by Cormanich, Rodrigo A. et al.
UNIVERSIDADE ESTADUAL DE CAMPINAS
SISTEMA DE BIBLIOTECAS DA UNICAMP
REPOSITÓRIO DA PRODUÇÃO CIENTIFICA E INTELECTUAL DA UNICAMP
Versão do arquivo anexado / Version of attached file:
Versão do Editor / Published Version
Mais informações no site da editora / Further information on publisher's website:
https://onlinelibrary.wiley.com/doi/full/10.1002/jcc.23918
DOI: 10.1002/jcc.23918
Direitos autorais / Publisher's copyright statement:
©2016 by John Wiley & Sons. All rights reserved.
DIRETORIA DE TRATAMENTO DA INFORMAÇÃO
Cidade Universitária Zeferino Vaz Barão Geraldo
CEP 13083-970 – Campinas SP
Fone: (19) 3521-6493
http://www.repositorio.unicamp.br
Inter- and Intramolecular CFC@O Interactions on
Aliphatic and Cyclohexane Carbonyl Derivatives
Rodrigo A. Cormanich,[a,b] Roberto Rittner,[b] David O’Hagan,[a] and Michael B€uhl*[a]
Weak inter- and intra- molecular Cd1Fd2Cd1@Od2 interactions
were theoretically evaluated in 4 different sets of compounds at
different theoretical levels. Intermolecular CH3FC@O interac-
tions were stabilizing by about 1 kcal mol21 for various car-
bonyl containing functional groups. Intramolecular CFC@O
interactions were also detected in aliphatic and fluorinated
cyclohexane carbonyl derivatives. However, the stabilization pro-
vided by intramolecular CFC@O interactions was not enough
to govern the conformational preferences of compounds 2–4.
VC 2015 Wiley Periodicals, Inc.
DOI: 10.1002/jcc.23918
Introduction
Organofluorine compounds have been widely used in medici-
nal chemistry to improve the physicochemical properties of
bioactives.[1–3] The fluorine atom shows a unique combination
of steric and electronic properties: in terms of size it is the
next smallest atom after hydrogen that can covalently bond to
carbon.[4–6]* Thus, replacement of H by F does not significantly
change the shape of the molecule.[7] In fact, several studies
have shown that F can successfully act as a H mimic, and
retain good binding to a receptor/enzyme.[8] Conversely, due
to the high electronegativity of F in comparison to H (4.0 and
2.1, respectively, on the Pauling scale[9]), the physicochemical
properties of a fluorinated medicine can differ significantly
from a nonfluorinated one. This can lead to improved absorp-
tion, distribution, metabolism, and excretion characteristics.[10]
It follows from the high electronegativity of F that the
Cd1AFd2 bond is highly polarized. It contains high ionic char-
acter, which in turn results in a very strong (;105 kcal mol21
in average), short, and unreactive bond.[11]
Moreover, covalently bound fluorine has three lone pairs
that are tightly bound to the nucleus. This again follows from
the high electronegativity of F. As a consequence, organic
bound F is a poor acceptor in long range interactions, includ-
ing in hydrogen bonds (HBs).[12] Indeed, although there are an
increasing number of examples reported,[13,14] in general the
interaction is weak.[15–17] Also, the evidence for a multitude of
long range interactions involving F, as for example: CFFC,
CFp-arene and CFHC is contested largely because the
interactions are very weak and hard to measure or model with
confidence.[18,19] Thus, when a H atom is replaced by a F atom
in a drug, the occurrence and impact of long range interac-
tions is difficult to anticipate, hampering the development of
new medicinal compounds. In this regard, we have studied
CFFC interactions in several organic compounds. In some
cases these interactions appear to be stabilizing and in others
destabilizing depending on the molecular systems investigated
and the methods used.[20]
Another potentially interesting long-range interaction is that
between an electron-rich organic F atom and the electrophilic
C atom of a carbonyl/carboxyl group.[21]
Such interactions can clearly be very important in a pharma-
cological context, for example, where the amide carbonyls of a
peptide backbone of a protein or receptor can interact with a
fluorinated ligand/drug. There is indeed good evidence to sup-
port a role for CFC@O interactions in protein-drug interac-
tion, based on an analysis of close noncovalent contacts in the
Cambridge Structural Database[22] and the Protein Data
Bank.[23–27] Thus, as part of a programme to understand long
range interactions involving F atoms in organic compounds,
we have studied, using theoretical calculations at different DFT
and ab initio theoretical levels, Cd1Fd2Cd1Od2 interactions in
different aliphatic and cyclic organofluorine compounds con-
taining a variety of carbonyl functionalities.
Computational Details
Geometry optimizations were performed using the Gaussian09
program, Revision D.01,[28] at the B3LYP,[29,30] B3LYP-D3,[31] and
MP2 theoretical levels using aug-cc-pVDZ basis set. For the inter-
molecular complexes 1 optimizations included a correction for
basis set superposition error (BSSE) through the counterpoise
method,[32,33] and were carried out imposing the following con-
straints: CAFC(O) and FC@O angles for all these dimers were
fixed to 177.0 and to 89.5, respectively. Mulliken, Natural Popu-
lation Analysis (NBO) and Charges from Electrostatic Potentials
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using a Grid based method (CHelpG), atomic charges were com-
puted for these optimized structures using Gaussian09 program,
and Quantum Theory of Atoms in Molecules (QTAIM) charges
were computed using the AIMALL program.[34] Molecules in sets
2–4 were fully optimized at the given theoretical levels, and min-
ima were characterized through computation of the harmonic
vibrational frequencies, which were also used to evaluate ther-
modynamic corrections affording enthalpies and Gibbs free ener-
gies at ambient, standard temperature and pressure. Spin-spin
coupling constants (SSCCs) were also computed with Gaussian09
at the BHandH/EPR-III theoretical level;[35,36] this and related the-
oretical levels have performed very well in the computation of a
very large variety of SSCCs involving carbon, fluorine and hydro-
gen atoms[37]; the EPR-III basis set has also been optimized for
the computation of the Fermi-contact component of SSCCs.[38]
Conformers were found using B3LYP/cc-pVDZ Monte Carlo con-
formational searches with the Spartan 14 program,[39] using a 10
kcal mol21 threshold and 5000 K temperature initial temperature
in the simulated-annealing algorithm. Natural bond orbital (NBO)
analysis[40] was performed at the B3LYP-D3/aug-cc-pVDZ theoret-
ical level using geometries fully optimized at the same theoreti-
cal level. NCI calculations were also performed on the obtained
B3LYP-D3/aug-cc-pVDZ electron densities using the NCIPLOT 3.0
program.[41] Additional single-point energy calculations were car-
ried out at the MP2/aug-cc-pVTZ level using MP2/aug-cc-pVDZ
optimised structures (see Supporting Information).
Results and Discussion
Four sets of molecular systems were selected for study (Scheme
1). The set of structures 1 may form intermolecular CFC@O
interactions, 2 is a set of cyclohexane derivatives which may form
five-membered rings on formation of intramolecular CFC@O
interactions and 3 and 4 were chosen as a set of the simplest ali-
phatics which may form five- and six-membered rings on forma-
tion of intramolecular CFC@O interactions.
The interaction between fluoromethane and formaldehyde
can be considered the simplest model for the intermolecular
CFC@O interaction (R,R’ @ H; compound 1a). When this
complex is fully optimized without constraints, the structure
shown in Figure 1a is obtained. Apparently, this energy mini-
mum enjoys additional stabilization from a CHO interaction
(distance 2.53 Å at the B3LYP-D3/aug-cc-pVDZ theoretical
level), which causes the methyl group to bend toward the car-
bonyl oxygen. It is known from structure searches in the Cam-
bridge Structure Database that compounds with a CFC@O
interaction tend to adopt conformations where the F atom is
close to the pseudotrigonal axis of the carbonyl C atom (i.e.,
with FC@O angles close to 90) and with CAFC angles
between about 120 and 160, and occasionally approaching
180.[24] To better model these observed structures and to
describe a predominant CFC@O interaction unperturbed by
other intermolecular interactions, we reoptimized compound
1a with additional constraints that prevent the formation of
other interactions (see Computational Details†). The resulting
partially optimized structure (which is 2.37 kcal mol21 above
the fully optimized minimum at the B3LYP-D3/aug-cc-pVDZ
theoretical level) is shown in Figure 1b.
To probe for the extent of the CFC@O interaction, we con-
structed binding energy potential curves (BEPCs) using the
FC distance as an additional constraint. The resulting curves
obtained at different theoretical levels are shown in Figure 1c.
At all theoretical levels there is an attractive interaction
between the CH3FC@O moieties. The curve calculated at the
B3LYP/aug-cc-pVDZ theoretical level shows a considerably
weaker and longer CFC@O interaction (20.37 kcal mol21;
3.25 Å) in the most stable geometry than the found by ab ini-
tio MP2 and the dispersion corrected B3LYP-D3 functional (ca.
21.0 kcal mol21; 3.0 Å), indicating that dispersion effects are
important to measure the binding energy of the CFC@O
interaction in this complex. B3LYP-D3 and MP2 results with
either aug-cc-pVDZ and aug-cc-pVTZ basis sets are equivalent,
also showing an interaction energy of about 21.0 kcal mol21
at the equilibrium geometry. Accordingly, the noncovalent
interactions (NCI) method indicated a weak attractive interac-
tion for compound 1a (Supporting Information Figure S1).
According to second-order perturbation analysis of donor
and acceptor NBOs, the largest fraction of this interaction
stems from donation of the sp-type lone pair on F into the
antibonding p*(C@O) orbital, which has its largest coefficient
on the C atom (see plot in Supporting Information Figure S2).
Such an interaction energy may change depending on the
substituent (R) attached to the C@O group. Also, the CH3FC@O
angle of approach may change depending on the volume of the
R groups. To evaluate the steric perturbation caused by more
voluminous R groups, we studied acetaldehyde 1b (R@ H; R’ @
CH3) and acetone 1c (R @ R’ @ CH3) see Figures 2a and 2b,
respectively. The / CC@O angle in the acetaldehyde 1b
(102.4) complex does not seem to be affected much by the
additional CH3 group relative to formaldehyde 1a. In contrast,
the Me groups of acetone 1c seem to repel the CH3F group
Scheme 1. Representations of the structures chosen for this study.
†For simplicity a near-linear CAFC arrangement has been imposed in
the partial optimizations, despite the more pronounced variability of this
parameter in the solid (cf. Ref. 23).
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Figure 1. The interaction of methylfluoride with formaldehyde 1a obtained at the B3LYP-D3/aug-cc-pVDZ theoretical level: Graphical representations of the
MP2 equilibrium geometry (a) and the partially optimized geometry using constraints (b); CFC@O PECs calculated at different theoretical levels for the
constrained structure using the FC distance as an additional constraint (c). BSSE corrections included for all cases. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
Figure 2. Graphical representations (a–d) of complexes of methylfluoride with acetaldehyde 1b and acetone 1c obtained at the B3LYP-D3/aug-cc-pVDZ
level and CFC@O BEPC (e,f ) calculated at the B3LYP, B3LYP-D3, and MP2 methods using the aug-cc-pVDZ basis set. MP2/aug-cc-pVTZ single points on
MP2/aug-cc-pVDZ geometries are also shown. BSSE corrections are included for all cases. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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considerably, resulting in a bended /CC@O of 80.7. The
BEPCs calculated at the B3LYP/aug-cc-pVDZ theoretical level are
not in agreement with those calculated at the B3LYP-D3/aug-cc-
pVDZ and MP2/aug-cc-pVDZ theoretical levels (Fig. 2e and 2f).
The B3LYP functional affords an interaction energy in acetalde-
hyde 1b of only 20.1 kcal mol21, while B3LYP-D3 and MP2 agree
that it is about 21.0 kcal mol21. Also B3LYP indicates that the
CFC@O interaction in acetone 1c is repulsive, while MP2 and
B3LYP-D3 indicate that it is rather attractive by 21.3 and 21.9
kcal mol21, respectively. Apparently, this slight increase in attrac-
tion for 1c compared to 1a and 1b is related to the stronger dis-
persion in the more bulky derivative 1c. Despite the absence of
direct BSSE and dispersion corrections in the electron density
(these effects are only included indirectly via optimization), the
NCI method also predicts a weakly attractive interaction for 1c
(result not shown).
To explore the interaction energy dependence on the car-
bonyl substrate, we expanded the molecular set to the corre-
sponding ester, amide, acyl chloride, and fluorinated derivatives
(compounds 1d–1j). The BEPCs obtained at different theoretical
levels for all these compounds are shown in the Supporting
Information (Figures S3–S9) together with their geometric repre-
sentations (for schematic representations see Scheme 2). Again,
B3LYP without dispersion corrections severely underestimates
the CFC@O interactions (compared to MP2 and B3LYP-D3)
and fails to detect them in compounds 1d–1f. The MP2 and
B3LYP-D3 data are remarkably close to each other throughout.
Thus, we will only discuss the B3LYP-D3/aug-cc-pVDZ results
from now on and use that theoretical level to study the
CFC@O interactions in the compounds 2–4.
Figure 3 shows the BEPCs for fluoromethyl complexes
with compounds 1d–1j at the B3LYP-D3/aug-cc-pVDZ theo-
retical level (MP2/aug-cc-pVTZ single point BEPCs may be
found in the Supporting Information). The methyl acetate
ester (1d) together with N-methyl and N,N-dimethyl aceta-
mide derivatives 1e and 1f form the weakest CFC@O inter-
actions (ca. 21.0 kcal mol21). This result is interesting,
because 1e is a minimal model for the peptide bonds in pro-
tein chains. Experimental estimates for this interaction in
proteins, based on mutation studies, have afforded slightly
lower values, 20.2 to 20.4 kcal/mol.[26] It appears from this
analysis that it is not the CFC@O interaction that is primar-
ily responsible for the “fluorophilic environment” provided
by the amide bonds in proteins, but that other interactions
(such as CFHCAC@Oa HBs) may be of greater
significance.[24]
Interestingly, when more electronegative groups as Cl, F,
and CF3 are directly attached to the C@O group, the interac-
tion energy increases considerably, namely to 21.8 kcal mol21
for compounds 1g and 1h, 22.4 kcal mol21 for 1i and 24.5
kcal mol21 for 1j (Fig. 3). However, the largest interaction
Scheme 2. Geometric representations of complexes between methyl fluoride and carbonyl compounds 1d–1j, including CC@O angles obtained from
B3LYP-D3/aug-cc-pVDZ constrained optimizations. BSSE corrections included for all cases.
Figure 3. BEPC for compounds 1d–1j obtained at the B3LYP-D3/aug-cc-
pVDZ theoretical level. BSSE corrections included for all cases.
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energy found for hexafluoroacetone 1j may have contributions
from CFHAC HBs between the fluoromethyl groups of 1j
and the methyl hydrogens of methylfluoride (the shortest
intermolecular CFHAC distance in 1j is 3.13 Å, structure
shown in Supporting Information Fig. S9). Because the
CFC@O interaction in the complexes 1a–1j is weak and
apparently rather multifaceted (electrostatics, dispersion, and
also some charge transfer according to second-order perturba-
tion analysis of the NBOs) it is difficult to single out one factor
that would determine the interaction energies. For instance
there are no apparent correlations with simple descriptors
such as atomic charges (see e.g., the charges on carbon in ESI
Supporting Information Table S1) or C@O stretching
frequencies.
To probe to what extent the CFC@O interaction might
manifest itself in observable NMR properties, we evaluated the
J(F,C) SSCCs for each complex. Weak through-space or
through-(hydrogen) bond interactions can often be detected
through similar JFH couplings.
[42] The graphs of J(F,C) versus
the CFCO distance are shown in Figure 4. The SSCCs values
are transferred “through-space” [TSJ(F,C)] and increase with
decreasing CFCO distance. The total J(F,C) values were
decomposed into the Ramsey Fermi Contact, Spin dipolar, Par-
amagnetic Spin-orbit and Diamagnetic Spin-Orbit contribu-
tions. As Figure 4 shows, all compounds J(F,C) values are
dominated by the FC term. Interestingly the J(F,C) values are
positive for compounds 1a–1g, but negative for the fluori-
nated derivatives 1h–1j. For most species, the predicted J(F,C)
values near the minima in the respective BEPCs (ca. 3 Å, cf.
Figures 1–3) amount to ca. 62 Hz. For the F-, and CF3-species
1i and 1j with their minimum energy distances around 2.75 Å
(Fig. 3), J(F,C) couplings around 23 Hz are obtained. These val-
ues are thus small, but might be detectable in favorable cases.
The small magnitude is not unexpected, given that the
CFC@O interaction is weak and mostly involves orbitals with
little s-character on carbon (cf. the NBO analysis discussed
above).
Thus, it appears that CFC@O interactions may amount to
a stabilization of about 1 kcal mol21 in common organic func-
tional groups such as aldehydes, ketones, esters, and amides,
but that they may not be a particularly good pathway for
transmission of J(F,C) SSCCs. To evaluate if such CFCO inter-
actions may form an intramolecular interaction, and to what
extent such an interaction might influence the ground state
conformational preferences, we have studied the cis 1,3-cyclo-
hexane derivatives 2 with the corresponding functional groups
attached to the carbonyl that were explored for complexes 1.
CFC@O interactions could occur in the conformers where
both F and C(O)R substituents are in axial orientations (cf.
structural representations of 2a–2h in Scheme 3). We were
Figure 4. Complexes of methylfluoride with 1a–1j J(F,C) SSCC values (Hz) versus CFC@O distance (Å) calculated at the BHandH/EPR-III theoretical level on
B3LYP-D3/aug-cc-pVDZ optimized geometries.
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interested whether some of these conformers could be stabi-
lized and, thus, populated (in addition to the intrinsically more
stable bis-equatorial conformers) to such an extent that they
would be detectable by NMR. Optimal conformations of the
C(O)R groups in both the diaxial and diequatorial conforma-
tions of the 1,3-cyclohexanes were found by constructing
potential energy curves (PECs) at the B3LYP-D3/cc-pVDZ for
each (Supporting Information Figures S10–S17).
Each compound showed two axial and two to three equato-
rial conformers, which were subsequently optimized at the
B3LYP/aug-cc-pVDZ, B3LYP-D3/aug-cc-pVDZ and MP2/aug-cc-
pVDZ theoretical levels. MP2/aug-cc-pVTZ//MP2/aug-cc-pVDZ
single point calculations were also obtained for comparison
(Supporting Information Tables S2–S9). In line with the find-
ings for complexes 1, only the B3LYP-D3 results are discussed
(for compounds 2, optimizations could not be corrected for
intramolecular BSSE;[43] because correlated wavefunction-based
methods tend to suffer more from BSSE than DFT, MP2/aug-
cc-pVDZ gave smaller CFC@O distances and lower energies
for the axial comformers than B3LYP-D3/aug-cc-pVDZ). As
expected, the diequatorial conformers emerged as the global
minima, although some of the diaxial conformers are close in
energy. For compounds 2a, 2b, and 2g, the diaxial conformers
are only 0.3 kcal mol21 less stable (see DE values in Support-
ing Information Tables S2–S8). These energy differences would
translate into populations of the diaxial conformers of around
30% at room temperature [see %P(DE) values in Table 1]. How-
ever, Gibbs free energies, obtained using standard thermody-
namic corrections from frequency calculations, indicate
significantly lower populations of axial conformers, about 20%
or less for 2a and 2g (see %P(DG) values in Table 1). In this
way, the inclusion of entropy effects favors the more flexible
extended equatorial conformers.
The CFCO distance in the diaxial conformers for com-
pounds 2a–2h are in the range of 2.90–3.0 Å, similar to that
observed for intermolecular complexes of compounds 1a-1j
Scheme 3. Diaxial representations of compounds 2a–2h.
Table 1. B3LYP-D3/aug-cc-pVDZ calculated relative conformer populations
from potential energies, %P(DE), relative populations from Gibbs free
energies, %P(DG), and J(F,C) SSCCs (Hz, BHandH/EPR-III) for conformers
2a–2h.
2a 2b 2c 2d 2e 2f 2g 2h
%P (DE) ax21 36.0 27.0 20.9 0.7 1.4 0.6 30.5 11.5
ax22 2.2 0.5 4.0 32.8[a] 0.0 17.5 2.0 0.7
eq21 20.2 12.0 21.4 14.6 0.3 24.7 18.8 4.4
eq22 41.6 27.4 53.7 52.0 98.3 57.2 48.7 33.4
eq23 – 33.2 – – – – – 50.1
%P (DG) ax21 22.5 5.6 5.5 0.2 0.5 0.6 14.0 4.2
ax22 2.5 0.2 1.1 3.9[a] 0.0 9.7 1.6 0.1
eq21 26.9 11.1 25.1 11.7 0.5 23.8 21.4 2.6
eq22 48.1 38.1 68.2 84.3 99.0 65.9 63.0 31.0
eq23 – 44.9 – – – – – 62.1
J(F,C) ax21 0.10 20.37 20.48 20.01 20.49 21.04 20.99 21.62
ax22 0.48 20.85 20.56 0.89[a] 0.33 20.87 21.21 20.75
eq21 1.02 1.61 1.76 2.13 2.05 1.99 1.74 1.83
eq22 1.65 1.53 1.59 1.38 1.54 1.96 1.76 1.64
eq23 – 0.94 – – – – – 0.99
[a] No CFC@O interaction (NHFC hydrogen bond).
Table 2. Calculated populations of conformers of compounds 3a–3g
obtained at the B3LYP-D3/aug-cc-pVDZ theoretical level.
3a 3b 3c 3d 3e 3f 3g
3x-1 37.7 49.9 27.7 49.3 35.9 39.9 47.6
3x-2 33.4 39.1 21.9 10.2 31.2 31.2 42.1
3x-3 5.5 1.7[a] 1.2[a] 18.9 5.7 0.7[a] 1.5[a]
3x-4 1.8[a] 5.8 5.5 5.6 6.1 4.7 0.9
3x-5 5.4 1.6 0.7[a] 9.6 4.3 5.0 4.3
3x-6 5.0 0.5[a] 3.9 1.4 4.0 4.9 0.2[a]
3x-7 1.0[a] 0.7 22.0 0.4 7.8 4.1 1.3
3x-8 2.7 0.7 11.5 1.7 1.2[a] 2.0 0.8
3x-9 1.0 – 3.7 1.1 0.8[a] 1.1[a] 0.8
3x-10 2.3 – 2.0 1.0 1.9 4.1 0.2
3x-11 1.6 – – 0.2[a] 1.0 0.9 0.3
3x-12 1.5 – – 0.8 – 1.1 0.0
3x-13 0.9 – – – – 0.4 –
3x-14 0.2 – – – – – –
[a] Conformers that have proper geometries to form CFCO interac-
tions. Populations shown refer to Gibbs free energiesDG.
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with methylfluoride; Figures 1 and 3. It follows that such an
interaction should provide ;1 kcal mol21 of stability, however,
this is insufficient for the diaxial to dominate the diequatorial
conformer.‡ Even for the CF3 derivative 2h, which has the
strongest intermolecular CFC@O interaction energy in model
complex 1j (Fig. 3), no such conformational switch is predicted
in the corresponding cyclohexane 2h.
The ax-2 conformer of compound 2d is special, because it
possesses a CFHN intramolecular HB (see structure in Sup-
porting Information Table S5). This structure is 2.3 kcal mol21
lower in energy than the ax-1 conformer, which has a
CFC@O interaction, but it is still higher than the diequatorial
global minimum eq-2 (Table 1).
The calculated JFC SSCCs for compounds 2a–2h (Table 1)
are in agreement with those in the intermolecular complexes
1a–1j (Fig. 4). The calculated JFC SSCC values are small and,
hence, could not be used as a “direct probe” to detect forma-
tion of CFCO interactions in the cyclohexane derivatives. In
fact, the regular 4J(C,F) through-bond couplings in the equato-
rial conformers are larger than those in the axial species, due
to the “W” arrangement of the bonds that are involved, which
facilitates transmission of the FC part.[44]¶§
Compounds 2a–2h may form CFCO interactions involving
five-membered rings, which, as just discussed, do not provide
sufficient conformational stabilization to favor the diaxial con-
formers. To look for five-membered rings of formation of
CFCO interactions in a larger set of compounds, we investi-
gated the conformational preferences of the aliphatic fluori-
nated carbonyl derivatives 3a–3g (Scheme 1). As these
compounds have an increased conformational freedom, we
used a Monte Carlo conformational search to find their con-
formers (geometric representations of the conformers that
have been found for each compound are depicted in Support-
ing Information Figures S18–S24).
Compounds 3a–3g have between 8 and 14 conformers and
their relative populations from Gibbs free energies are given in
Table 2 (relative energies, enthalpies and Gibbs free energies
are given in Supporting Information Tables S10–S16). Conform-
ers 3x-1 and 3x-2 for each compound are the most stable and
together account for about 50–90% of the total population of
3a–3g. Conformers that have a geometry that can accommo-
date a CFC@O interaction are marked with an asterisk in
Table 2. In the event it emerged that such conformers contrib-
ute to very low populations (1.8% or less) and may be consid-
ered of little importance in determining the conformational
preferences of 3a–3g.
We have shown in a previous work that it is rare to find organic
bound F atoms participating in five-membered intramolecular ring
contacts in organofluorine compounds.[16] Thus, it is not surprising
that five-membered ring formation on CFC@O interactions
appear to be equally rare. To evaluate CFCO interactions in a less
rigid ring, we extended the present work to aliphatic fluorinated
carbonylic compounds which could form six-membered rings on
formation of CFCO interactions (Scheme 1).
Because of the increased degree of freedom in the longer
alkyl chain, many more conformers are found for derivatives
4a–4f (up to 39 each have been located in our Monte-Carlo
based technique). Relative energies, enthalpies and Gibbs free
energies are given in Supporting Information Tables S17–S23,
populations based on free energies are collected in Table 3.
Populations of conformers that may form CFC@O
Table 3. Calculated populations of conformers of compounds 4a–4g obtained at the B3LYP-D3/aug-cc-pVDZ theoretical level.
4a 4b 4c 4d 4e 4f 4g 4a 4b 4c 4d 4e 4f 4g
4x-1 17.2 5.4[a] 1.3[a] 21.5 18.3 1.8[a] 1.8[a] 4x-21 1.5 1.2 1.6 1.0 0.7 0.0[a] 0.0[a]
4x-2 1.9[a] 7.6 14.9 5.5 7.7 8.4 8.4 4x-22 0.3 3.5 1.5 1.3 0.2 0.3 0.3
4x-3 7.3 17.2 4.0 3.0[a] 7.6 20.0 20.0 4x-23 1.3 0.4 1.2 0.4 0.7 0.3 0.3
4x-4 6.2 9.2 5.4 6.1 1.3[a] 10.3 10.3 4x-24 1.0 0.4 1.3 1.4 1.0 0.2 0.2
4x-5 10.0 9.4 9.2 5.5 9.2 14.7 14.7 4x-25 0.9 0.5 1.4 0.4 0.7 0.8 0.8
4x-6 3.7 2.0 3.3 1.7 4.9 6.1 6.1 4x-26 1.2 0.3 1.1 0.7 0.7[a] 0.2 0.2
4x-7 7.5 3.3 5.8 2.1 6.5 6.5 6.5 4x-27 0.4 0.4 0.3 0.1 1.2 0.0 0.0
4x-8 5.6 5.6 4.7 9.3 5.5 3.6 3.6 4x-28 0.6 0.0[a] 0.1[a] 0.4 0.8 0.0 0.0
4x-9 4.3 5.5 7.5 12.6 1.3 3.9 3.9 4x-29 0.1[a] 0.2 0.4 0.0[a] 0.6 0.2[a] 0.2
4x-10 3.6 3.5 3.1 3.1 5.4 4.9 4.9 4x-30 0.4 0.2 0.8 0.4 0.3 6.2 6.2
4x-11 4.0 2.0 5.0 1.0 1.2 1.0 1.0 4x-31 0.1 0.1 0.5 0.4 1.1 0.1 0.1
4x-12 4.1 0.4 3.9 4.0 3.1 0.9 0.9 4x-32 0.4 – – 0.3 3.1 0.1 0.1
4x-13 4.1 1.5 2.9 3.2 0.1[a] 0.5[a] 0.5 4x-33 0.3 – – – 0.3 0.1 0.1
4x-14 2.7 2.0 7.7 1.5 3.9 0.9 0.9 4x-34 0.2 – – – 0.2 4.5 4.5
4x-15 1.2 1.7 2.7 1.8 2.0 0.5 0.5 4x-35 0.2 – – – 0.3 0.0 0.0
4x-16 2.0 1.9 0.6[a] 3.1 2.0 0.5 0.5 4x-36 0.2 – – – 0.3 – 0.0
4x-17 1.5 2.5 1.7 2.6 2.9 0.2 0.2 4x-37 1.1 – – – 0.1 – 0.3
4x-18 0.7 2.0 4.8 2.1 2.5 1.4 1.4 4x-38 0.0 – – – 0.1 – 0.3
4x-19 1.0 9.2 0.1[a] 2.3 1.3 0.7 0.7 4x-39 – – – – 0.1 – 0.2
4x-20 1.1 0.8 1.4 1.1 0.7 0.1 0.1
[a] Conformers that have proper geometries to form CFCO interactions. Populations shown refer to Gibbs free energiesDG.
‡“Normal” steric repulsion disfavors bis(axial) 1,3-cyclohexane derivatives
relative to the bis(equatorial) conformers by 1.3 kcal mol (1,3-difluoro) to
5.0 kcal mol (1,3-dimethyl species, DE values at B3LYP-D3/aug-cc-pVDZ);
indeed stronger transannular interactions between axial substituents
appear to be needed to reverse this conformational preference.
¶Of course, conformations of cyclohexane derivatives can be inferred
from 3J(H,H) couplings if all 1H resonances can be fully assigned, but this
is beyond the scope of the present analysis.
§For some constrained cage systems, 4J(C,F) couplings exceeding 20 Hz
have been reported, see for example, Ref. 44.
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interactions in compounds 4a–4f (marked with an asterisk in
Table 3) range from 0.0 to 5.4% when Gibbs free energies are
considered, that is, they have little influence on the overall
conformational profile. Thus, although CFC@O interactions
may be stabilizing in the studied compounds (e.g., such con-
formers are the global minimum, or isoenergetic with it, for 4a
and 4f, see Supporting Information Tables S17 and S23, respec-
tively), the extent of the stabilization is not sufficient to over-
come the entropic penalty associated with such six-membered
cyclic structures. In terms of free energies, extended conformers
without CFC@O interactions tend to be preferred. Solvation is
unlikely to change this situation for the compounds under scru-
tiny. Conformers with intramolecular CFCO interactions tend to
have slightly higher dipole moments than the extended global
minima, however immersion in a polar continuum does not indi-
cate that there is sufficient additional stabilization to increase the
population of the CFCO conformers (results not shown).
Conclusions
This work reports the study of Cd1Fd2Cd1Od2 interactions in
four different set of compounds using theoretical calculations.
The first set (1) is composed of compounds that may form
intermolecular CH3FC@O interactions. According to calcula-
tions at the B3LYP-D3/aug-cc-pVDZ and MP2/aug-cc-pVTZ//
MP2/aug-cc-pVDZ theoretical levels, these CH3FC@O interac-
tions may be stabilizing by about 1 kcal mol21 when the car-
bonyl is incorporated into common functional groups such as
aldehydes, ketones, esters, amides, and acyl chlorides and
when the CH3F group approaches the carbonyl groups in a
quasiperpendicular fashion (with CC@O angles in the range
of ;81–102). B3LYP calculations without DFT-D3 dispersion
corrections do not predict significant CFC@O interaction
energies, indicating the importance of dispersion for modeling
this type of interaction.
Compounds of sets 2–4 may form intramolecular CFC@O
stabilizing interactions. However, such interactions turn out to
be of negligible importance in determining the conformational
preferences of these sets of compounds. For sets 3 and 4 with
their linear alkyl chains, such interactions serve to stabilize
some folded conformers to the extent that they are among
the most stable structures or even the global minimum on the
potential energy surface; however, the interaction is not
enough to overcome the entropic penalty associated with
achieving cyclic structures, and extended conformers without
CFC@O contacts tend to be populated most. “Through
space” J(F,C) SSCCs were calculated to be very small for all sets
of compounds 1–4 and insensitive to the FC distance, and
are thus of little practical use as a direct probe for observing
CFC@O interactions. This contrasts to couplings across HBs,
which are frequently used in the literature to detect such
interactions to fluorine. It is already recognized that these
weak CFC@O interactions can refine binding interactions of
ligands to peptides, however the current study suggests that
it will be difficult to design a simple organic framework where
they would emerge as a decisive and detectable structure-
forming force.
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